The psbA, psbD and psbC genes encoding the quinone binding D-1 and D-2 apoproteins and the 44 kD chlorophyll a-apoprotein 3 have been located in the chloroplast genome of barley. They are found on a 23 kbp SalI restriction endonuclease fragment in the large single copy region of the chloroplast DNA adjacent to the inverted repeat. As in other species the psbD and psbC genes have reading frames which overlap by 53 bp. They are transcribed in the same direction but translated with a frameshift of one nucleotide. Ten amino acid substitutions are found among the 18 N-terminal residues of the D-2 polypeptide if barley, spinach, tobacco, pea and the liverwort Marchantia are compared. Only 8 substitutions are present among the 335 other residues of the D-2 polypeptide. The amino acid residues located in the putative binding site for the special pair reaction center chlorophyll and the residues probably serving as ligands to non-heine iron in the D-I and D-2 proteins of barley are strictly conserved when compared to those of purple bacteria and of other higher plants. Identity is also observed for the residues of importance in the binding of quinones.
INTRODUCTION
Photosystem II (PSII) catalyses the reduction of plastoquinone (PQ) by H20. The functional components of PSII are located in the thylakoid membrane and constitute an integral membrane protein complex. Four integral membrane proteins, known as D-l, D-2, Chla-P2 (47 kD protein) and Chla-P3 (44 kD protein) have recently elicited particular interest as to their functional role. The 47 and the 44 kD proteins are recognized as chlorophyll a binding proteins since chlorophyll remains attached to the protein after SDS-polyacrylamide gel electrophoresis. D-1 was identified as target for inhibitors of photosynthetic electron transport (35) suggesting that D-1 binds also the secondary electron acceptor plastoquinone QB. Little is known about the function of D-2, but it has been noted that D-2 exhibits structural similarities with D-1, suggesting that D-2 also has a quinone binding site (39) .
The precise localization of the primary charge separation in PSII of higher plants remains to be determined. Because of correlations of PSII Abbreviations: bp = basepair; Chla-P = Chlorophyll a-protein; cpDNA = Chloroplast DNA; Da = Dalton; kbp = kilobasepair; kD = kilodalton; PQ = plastoquinone; PSII = photosystem II; SDS = sodium dodecyl sulphate; SSC = 0.15 M-sodium chloride + 0.015 M-sodium citrate. activity with amount of the 47 kD polypeptide in isolated fractions (5) and because of the fluorescence emission at 695 nm by Chl~-P2 (31) it was considered until recently that the 47 kD polypeptide binds the P680 reaction center chlorophyll. Analysis of the crystallized photosynthetic reaction center of purple bacteria (9, 28, 29) led to new hypotheses about the structural and functional role of PSII components in higher plants. The pronounced similarities of the location of certain amino acid residues and of the distribution of hydrophobic domains in the reaction center polypeptides M and L from purple bacteria and in the proteins D-1 and D-2 from PSII gave rise to the suggestion that D-l and D-2 bind the reaction center chlorophyll, the electron acceptors QA and Qa as well as non-heme iron (45, 46) . This notion is supported by the isolation of a PSII reaction center complex consisting of D-1, D-2 and cytochrome b-559 polypeptides with five chlorophyll a, two pheophytin a, one [3-carotene and two cytochrome b-559 molecules (25, 32) . The complex exhibits reversible absorbance changes indicative of accumulation of reduced pheophytin.
Chla-P2 and Chla-P3 serve as photosystem II antenna complex. Additionally, proper insertion of the apoproteins of 47 and 44 kD into the thylakoid membrane together with D-1 and D-2 is essential for the physiological function of PSII (2, 11, 48, 49) and suggests transcriptional and/ or translational regulation of the coordinated expression of their genes. All four polypeptides are coded for by the chloroplast DNA and they have been mapped and sequenced in several higher plants as well as in green algae and cyanobacteria. Information on the D-1 coding gene psbA is reviewed in (23) , that for the D-2 coding gene psbD is presented in (1, 18, 38, 42, 47) , while the structure of the psbB gene, coding for the 47 kD apoprotein, and the psbC gene, coding for the 44 kD apoprotein, is reported in (1, 18, 2 l, 30, 42, 47) . Transcriptional features of the genes for these proteins are complex in that hybridization of plastid RNA to the neighbouring psbD and psbC genes revealed a heterogenous population of RNA transcripts (1, 3, 33) . For example in plastids of dark-grown barley plants six different RNAs, ranging in size from 5.7 kb to 1.7 kb, hybridize to the psbD/psbC gene region (3, 33) . Mapping of the transcripts reveals that the larger ones hybridize to both genes and thus belong to a transcriptional unit as it is also shown for psbD and psbC in spinach (1) . The shorter transcripts, however, hybridize only to the psbC coding region. The physiological significance of this RNA heterogeneity and the molecular basis of the regulation are being investigated.
In this paper the nucleic acid sequences for the barley psbD and the psbC genes as well as for the adjacent region upstream from the psbD gene are determined. Structural features of the psbD and the psbC genes which elucidate the RNA heterogeneity and the complex transcriptional regulation of these genes are discussed. Whereas the psbD and the psbC genes have been sequenced from several dicotyledonous plants and from the green alga Chlamydomonas, herein the nucleic acid sequence for psbD from a monocotyledonous plant is presented together with a partial nucleic acid sequence from the barley psbA gene. In a subsequent paper the in vitro expression of the D-2 polypeptide and the possibility of binding quinones to it is explored.
MATERIAL AND METHODS

Isolation of chloroplast DNA (cpDNA)
cpDNA was isolated from seedlings of Hordeum vulgare L. var Bonus. Seeds were germinated and grown in moist vermiculite for six days in the dark at 23 ~ Before cpDNA isolation seedlings were illuminated for eight hours in white light (2400 lux). Isolation of cpDNA was performed according to (36) .
Hybridization probes
Two probes were used for mapping the psbA gene to the barley cpDNA: 1) An oligonucleotide was synthesized on an Applied Biosystems Oligonucleotide Synthesizer. It had the sequence 5'GCTGGTGTATTCGGCGGC3' which is homologous to a highly conserved sequence in the spinach (52) , tobacco (52) and soybean (43) psbA genes. The oligonucleotide was 5' endlabelled by T4 DNA polynucleotide kinase with (a-s2P)-dATP (>7000 Ci/mmol) (24). 2) As second probe served a 790 bp PstI/XbaI fragment of the spinach psbA gene, obtained by digestion and insert preparation of the plasmid pSocSl 5, kindly provided by J. BOHNERT and described in (52) .
For mapping the psbD gene a 1.2 kbp EcoRI/ EcoRI fragment was used. It was isolated from the plasmid 531-4 which contains on a 3.4 kbp BamHI/BamHI fragment the barley psbD and part of the psbC genes. This plasmid was a gift from J. MULLET (3) .
For hybridization experiments DNA probes were nick-translated using E. coli DNA polymerase I and (a-32p)-dATP (> 3000 Ci/mmol). Hybridization was carried out in 6xSSC, 0.25% blotto (20) , 0.1% SDS at 55 ~ Filters were washed at 60 ~ (or 70 ~ with use of the oligonucleotide as probe) with 0.2x and 0.1 xSSC.
Southern blots to nitrocellulose filters were performed according to (24) .
Preparation of plasmid DNA and inserts,
subcloning, transformation Plasmid DNA minipreparations were made according to (15) , omitting the polyethylene glycol precipitation step. For sequencing reactions using the dideoxy chain termination method plasmid DNA was purified from amplified bacteria cultures by caesium chloride gradient centrifugation (7, 16) .
Insert preparations from agarose or acrylamide gels were either performed by electroelution into dialysis bags (41) or by use of the "Geneclean"-kit, obtained from BI0 101, La Jolla, CA, USA, according to the manufacturers' instructions.
Subcloning was performed into the multiple cloning site of pUC 13, pUC 18 (50) or pGEM 3 (Promega Biotec, Madison, WI, USA). If no appropriate cloning site was available, the DNA insert was cloned into the SmaI site after filling in of protruding ends either by use of E. coli DNA polymerase I (Klenow fragment) or T4 DNA polymerase (24) in the presence of deoxynucleotidetriphosphates.
Transformation: E. coli KI2 strain HB 10l (27) was used as host for pGEM 3 recombinant and strain DH5ct (BRL, Cambridge, United Kingdom) for pUC recombinant plasmids. Transformation was performed using the CaCI2 procedure according to (24) .
DNA sequence determination
Three different methods were used to determine the DNA sequences. 1) After endlabelling with (7-32p)-ATP and T4 polynucleotide kinase, endonucleolytic cleavage, and purification of the DNA fragments, the sequencing procedure of MAXAM and GmBERT (26) was employed.
2) The dideoxy chain termination sequencing method using alkali denatured plasmid templates followed the modified procedure of CHEN and SEEBURG (6): 2 gg denatured and ethanol precipitated supercoiled DNA plasmid template was solubilized in 9 gl sterile H20.50 ng primer (1 gl), 1.5 ~tl t0x sequencing buffer (75 mM-Tris HCI pH 7.6; 75 mM-DTT; 50 mM-MgCI2) and 2 g132p-dATP (> 600 Ci/mmol) were added. The annealing reaction was carried out at 70 ~ for 15 rain. After slowly cooling down to room temperature 1.5 gl (5U/gl) E. coli DNA polymerase I (Klenow fragment) was added and 3.5 gl samples dispensed to each of the four reaction tubes containing the appropriate dideoxy-and deoxynucleotide triphosphates (40) . The chain elongation and the "chase" (40) reaction temperature was 37 ~ The samples were then dried down and dissolved in 4 gl 10 mM-EDTA pH 8.0; 3 mg/ml bromphenolblue; 3 mg/ml xylene cyanol in deionised formamide. 3) When it was not possible to obtain a reasonable sequence determination by either of these methods, denatured plasmid templates were then sequenced by use of a modified T7 DNA polymerase, included in the "Sequenase"-kit (United States Biochemical Corporation, Cleveland, Ohio, USA) following the manufacturers' instructions. Primers were synthesized on an Applied Biosyslems Oligonucleotide Synthesizer and purified according to the manufacturers' instructions. Sequences were chosen which allow annealing to the right or left hand borders of the multiple cloning site of pUC or pGEM plasmids. Other sequences were chosen which were homologous to sequences from the inserted gene. This selection facilitated further sequencing from the same or opposite strand. Figure 1 . Hybridization ofpsbA and psbD probes to barley cpDNA. Four ~tg of barley cpDNA were digested with SalI, EcoRI, BamHI and HindIII, electrophoresed on a 0.8% agarose gel and transferred to nitrocellulose. Filter A was hybridized with a synthetic psbA oligonucleotide probe (SalI, EcoRI, BamHI, HindIIIa) and a spinach psbA probe (HindIIIb). Filter B was hybridized with the barley psbD probe. Standard sizes are shown in bp on the left.
Enzymes and chemicals
Radioactive nucleotides were purchased from New England Nuclear. Most of the enzymes as well as deoxy-and dideoxynucleotides were from Boehringer Mannheim, except restriction endonuclease HgiAI, which was obtained from New England Biolabs, Beverly, MA, USA.
3. RESULTS 3.1. Mapping of the psbA and the psbD genes in the barley cpDNA genome Figure 1 shows the radioactive hybridization patterns obtained upon incubation of filter bound cpDNA from barley, digested with different restriction endonucleases, with gene specific psbA and psbD probes. As probe for the psbA gene served a synthetic oligonucleotide of 18 bases corresponding to the codons for amino acids 203 to 208 in the tobacco D-1 polypeptide (52) which are conserved in the psbA genes of spinach (52) and soybean (43) . This oligonucleotide hybridized to a 23 kbp SalI, a 2.26 kbp EcoRI, a 6.7 kbp BamHI and a 1.6 kbp HindlII fragment ( Figure 1A HindllI fragment as the synthetic oligonucleotide. In order to map the psbD gene on the cpDNA genome from barley a homologous, nick-translated 1.2 kbp EcoRI fragment (2.2) was hybridized to endonuclease digested filter bound cpDNA. As is shown in Figure 1B ment. Since the psbD and the psbA genes exhibit homologies of up to 53% at the amino acid sequence level (3.3) it was assumed that hybridization of the psbD probe to the larger EcoRI fragment was a cross-reaction with the psbA gene. This assumption is supported by the fact that the hybridization signal to the 2.24 kbp fragment was weaker than to the 1.2 kbp EcoRl fragment.
The fragments which hybridized to the psbA and psbD gene probes could be placed on the barley cpDNA map by using the following data: 1) 80% of the HindlII map of barley cpDNA genome has been established by POtJLSEN (36), leaving two gaps of 11 kbp and 3 kbp in the map. 2) As evident from Figure 1 , the psbA and the psbD genes are both located on the 23 kbp Sail fragment.
3) Determination of the partial nucleic acid sequence of the barley psbA gene ( Figure 5 ) and its alignment with the spinach psbA nucleic acid sequence (52) revealed that the 1.6 kbp HindlII fragment contained the 3' half of the psbA gene with an EcoRI site downstream of the stop codon. 4) POULSEN (36) described a 6 kbp HindlII fragment which has not yet been assigned coordinates on the cpDNA map of barley. 5) BERENDS et at. (3) report that the psbD gene in barley is followed by the psbC gene, which extends into a 4.3 kb HindlII fragment previously cloned, mapped (36) and sequenced by OLIV-ER and POULSEN (33) .
It is thus concluded that the 1.6 kb HindlII fragment, containing the 3' end of the psbA gene, is framed on one side by.the previously cloned 5.8 kb HindlII inverted repeat fragment with the designation pHvC18 (36) , and on the other side by the so far not cloned HindlII fragment of 6 kbp. This places psbA in the same region of the chloroplast genom e as has been reported for other species. As the direction of transcription is towards the inverted repeat (Figure 5 ) the 5' end of the psbA gene is to be sought in the 6 kbp HindlII fragment. The 3.34 kbp HindlII fragment, hybridizing to the psbD probe and thus containing psbD and part of the psbC gene, joins the other end of the 6 kbp HindlII fragment. The organization of the HindlII fragments and the localization of the psbA, psbD and psbC genes on the barley cpDNA genome is shown in Figure 2A , B.
Nucleic acid sequence determination of barley psbD and psbC; Comparison of the deduced amino acid sequences with those from other plants
The restriction site map and the sequencing strategy for 2282 bp of the 3.4 kbp BamHI fragment is given in Figure 2C . One open reading frame for 353 amino acids was identified and is terminated by a TAA codon (Figure 3) . Comparison with published sequences showed that this open reading frame contains the entire psbD gene (1062 bp). A second open reading frame started 50 bp upstream from the psbD TAA stop codon. Comparison with the literature revealed this to be the 5' end of psbC which is transcribed in the same direction as psbD but read in a different frame. The 985 bp part of the psbC gene, which is located on the 3.4 kb BamHI fragment was sequenced and joined in Figure 3 with the sequence of the 3' part of the gene determined in (33) . The sequencing strategy is shown in Figure 2C . The sequence of both strands of DNA has been obtained in all but one case, in which sequencing was performed by the dideoxy chain termination procedure as well as by sequencing according to MAXAM and GILBERT.
In addition to the two protein coding regions, 238 bp of the untranslated 5' upstream region of psbD were sequenced. Figure 4 shows an alignment of this sequence from barley with the 5' leader sequences of psbD from spinach (1), tobacco (42) , liverwort (47) and pea (38) . Starting from about position -36 bp the nucleic acid sequences exhibit a striking similarity towards position -1. This includes a putative ribosomebinding site (GGAGGA), which consistently is separated by 5 bp from the first ATG codon in the reading frame. Also conserved is a translational stop codon TAA or TAG in position -21. The barley sequence contains elements which resemble the prokaryotic "-10" and "-35" promoter consensus elements. The former is found in position -69 and repeated in position -77, while the latter is seen at position -104 and repeated in position -116. The significance of these elements is, however, weakened by the fact that they are not conserved in position or detailed sequence in the other species analyzed. The deduced amino acid sequence for psbD comprises 353 amino acids (Figure 3) , which calculates to a molecular weight of 39,562 Da. The psbC gene codes for 473 amino acids giving a molecular weight of 52,125 Da. In the nuclepride sequences of both genes secondary stemand-loop structures can be predicted. The most interesting one was located in the 3' end of the psbD gene. It exhibits a AG of folding of -30 kcal, if calculated according to TINOCO et al. (44) . The possible relevance of this structure for regulation of transcription will be discussed later.
No sequences resembling the prokaryotic promoter consensus sequence are found preceding the first ATG of the reading frame in the psbC gene. However, at position 11 and 188 bp upstream from the second ATG was the sequence TATATT located, which resembles the prokaryotic TATA box. In addition, a putative ribosome binding site (GGAG) could be identified 6 bp upstream from the second ATG in the reading frame.
On the level of the nucleic acid sequence the barley psbD gene exhibits 90% identity to the psbD genes of spinach, tobacco and pea and 83% to the one of liverwort. On the amino acid level the similarity is even more pronounced reaching an identity of 94-95%. The amino acid substitutions in the D-2 protein (coded for by psbD) among these plants are set out in Table I . It is remarkable that between 55% (tobacco) and 70% (spinach) of the differences in the amino acid sequence occur in only 5% of the protein that is in the 18 NH2-terminal amino acids located between the first and the second methionine.
Comparison of the barley psbC gene and its product, the ChI~-P3 apoprotein, with those in other plant species exhibits 85% identity on the nucleic acid level and 94 to 96% on the amino acid level. Amino acid substitutions among the Chl~-P3 apoproteins of barley, liverwort, spinach, tobacco and maize are shown in Table  II . When barley HindIII digested cpDNA was separated on an agarose gel, a 1.6 kbp HindIII fragment hybridized to the psbA probe. This fragment was recovered from the gel, cloned into the vector pUC 18 and partially sequenced. The sequence strategy is shown in Figure 2D , the localization of the psbA gene in Figure 2A , B. In Figure 5 is set out the partial nucleotide sequence and the amino acid sequence deduced from it. The amino acid sequence aligns with amino acid 170 to 278 of the spinach D-1 protein which has a sequence of 353 amino acids (52) . Of particular interest is the presence of a lysine residue in position 238, since this amino acid is not present in D-1 of dicotyledonous plants. Specially marked are in Figure 5 those amino acid residues which have been suggested to be involved in binding of redox components (His215 and His272) (45, 46) and inhibitors of photosynthetic electron transport (Val2w, Ala251, Phe255, Ser264, Arg269, Leu275) (10, 12, 17, 19) .
In Figure 5 the deduced barley D-1 amino acid sequence has also been aligned with the barley D-2 protein residues 170 to 275. The overall identity between the two sequences is 38%. But a comparison of the region between residues 192 and 219 of D-1 reveals 53% identity. This part of the protein should form a membrane spanning a-helix as suggested by drophobicity plots of the very similar D-I protein of spinach (45) . The importance of this helix in D-1 and D-2 will be discussed below.
DISCUSSION
Chloroplast DNAs of higher plants and green algae are circular molecules with a size of 120 -160 kbp. They have been isolated and studied in a number of species. The barley cpDNA genome consists of about 130 kbp with two copies of a large inverted repeat of about 20.9 kbp, separated by a large and a small single copy region (33) . This organization is typical for most plastid genomes. Hybridization experiments with heterologous and homologous DNA, presented in this paper, localize the psbD, psbC and psbA genes on the same 23 kbp Sail fragment. Thus, the psbD gene is separated by only 8 kbp from the psbA gene. This location agrees with one determined by BERENDS et al. The same gene arrangement has also been described for wheat (8, 37) , while for dicotyledonous plants like spinach (34) and tobacco (42) a 20 kbp inversion in the large single copy region is characteristic and places the psbD gene about 30 kp apart from the psbA gene (1) . It has been suggested by QUIGLEY and WEIL (37) and COUR-TICE et al. (8) that at least three inversions must have occurred during the evolution of the wheat chloroplast genome from a spinach like ancestor to explain the observed rearrangement of the genomes.
In spite of these rearrangements the organization of the psbD/psbC gene cluster has remained conserved in all plants investigated. The barley psbD gene comprises 1062 bp and the psbC gene 1422 bp with an overlap of 53 bp and a reading frameshifl of 1 nucleotide. Examination of the untranslated 5' nucleotide sequence in preceding psbD showed in barley prokaryotic "-35" and "-10" consensus sequences. The "-35" element consisted of the hexanucleotides TT-GAAA and TTGAAC with a spacer of 7 nudeotides. This type of duplication is also characteristic for the "-10" element located 22 bp downstream and composed of the sequences TATAAA and TATCAT spaced 2 nucleotides apart. Suggested promoters in the form of the "-35" box with consensus TX6~ (4, 14, 22) and m the form of the -10 w~th consensus TA~AAT (4, 14, 22) are found in the 5' flanking sequences of many chloroplast genes and are separated by 14 to 25 nucleotides. The significance of these sequences for psbA, rbcL and atpB was tested by GRUISSEM and ZURAWSrd (13) in a chloroplast in-vitro transcription system on mutant templates with alterations in these 5' regions. They found that the spacing between the "-35" and the "-10" boxes is essential (13) . This would imply for barley that only the second "-35" and the first "-10" like sequence could be a promoter structure. However, none of the six psbD/psbC transcripts found in dark grown barley plants map with their initiation points near the mentioned "-35" and "-10" sequence element (3) . More recently performed studies on the transcription of these genes reveal that two transcripts of 4.0 and 3.2 kbp accumulate preferentially upon illumination. Although they are initiated closest to the psbD start codon their 5' ends still map about 600 nucleotides upstream of the psbD gene (P.E. GAMBLE, T. BERENDS SEXTON and J
MULLET, pers. commun.).
A presumptive ribosome binding site preceded the psbD coding region and is also conserved in all five compared plant species. It exhibits the sequence GGAGGA and is separated by 5 bp from the first ATG in the reading frame. This sequence element is the ribosome binding site in bacterial messenger RNA and it has been found that a complementary sequence is located at the 3' end of prokaryotic 16S rRNA. Such "ShineDalgarno" sequences have also been found for the rbcL genes from maize, spinach and pea (5 l). Furthermore, the 3' ends of the 16S rRNA of maize and tobacco chloroplasts are very similar to that of E. coil (51) suggesting that the requirements for efficient initiation of translation in chloroplasts are similar to those in bacteria.
Surprising is the localization and strong conservation of a translational termination codon TAA or TAG, respectively, 7 bp upstream from the ribosome binding site and in frame with the first ATG codon of the psbD gene. As will be shown in a subsequent paper, it was not possible to translate psbD derived transcripts in an E. coli in vitro translation system. This may imply that in the bacterial system binding of ribosomes to the initiation signal of psbD mRNA is accompanied by the recognition of the signal for termination, thus inhibiting the translation of the D-2 transcript. This in turn may explain why it was no problem to clone the psbD gene in E. coil whereas cloning of the intact highly homologous psbA gene is almost always lethal to E. coil (R.B HALLIK and H.-Y. BOHNERT, pers. commun.). Extensive expression of the psbA gene due to a strong promoter may lead to insertion of this very hydrophobic protein D-1 into the bacterial membranes with lethality of the host as a consequence. The absence of difficulties in cloning psbD then is due to the lack of translation of the similar D-2 protein in E. coll. The translation machinery of chloroplasts apparently has a feature which makes it different from the bacterial system by allowing psbD expression in the presence of the termination signal.
The 5' flanking region of the psbC gene exhibits an interesting nucleic acid sequence which might be involved in the regulation of gene expression. The first ATG in the coding region of the psbC gene is preceded by a sequence, which can be folded into a stable stem and loop structure (AG = -29.8 kcal). This structure ( Figure 6 ) includes the EcoRI restriction site in the 3' end of the psbD gene. It is this region to which the 5' ends of two transcripts of 2.6 kbp and 1.7 kbp length map (3). These two transcripts are possibly derived by processing from the 5.7 kbp primary transcript which maps with its 5' end about 1.2 kbp upstream from the psbD gene (3). The stem/loop structure could serve as a signal for correct processing in the formation of the shorter mRNA molecules as suggested for other chloroplast genes by GRUIS-SEM et al. (14) .
Both the psbD and the psbC genes contain two ATG codons in the 5' part of the coding region. In psbD they are separated by 51 bp (coding for 17 amino acids) and in psbC by 195 bp (coding for 65 amino acids). In psbC a presumptive "-10" and a putative Shine-Dalgarno sequence were only found preceding the second ATG. The question thus arose which of the two methionine codons are initiation sites for translation. A comparison of psbD deduced amino acid sequences of different plant species (Table I) revealed that 55 to 70% of the observed amino E. M. NEUMANN" Genes encoding photosystern II proteins
G-C_A-G "C C-A.T. G 916 1012 Figure 6 . Predicted secondary structure in the 3' re,on of barley psbD.
acid substitutions occur between the first and the second methionine residue, which led to the speculation that translation is initiated at the second ATG codon. It was recently shown, however, that the first amino acid of the mature D-2 polypeptide (the psbD gene product) is an N-acetyl-O-phosphothreonine (H. MICHEL and J. BENNETT, pers. commun.) proving that the translation initiates at the first methionine prior to the posttranslational modifications of the NH2-terminus. Therefore, the highly polymorphic structure of the amino-terminal part of the protein indicates it to be of minor importance for the functional role of the D-2 protein. This is in agreement with the predicted folding of D-2 in the thylakoid membrane, which locates the hydrophilic NH2 end on the stroma side whereas the functional components are located in hydrophobic regions of the polypeptide (45, 46) . A similar tertiary structure was predicted for the D-1 polypeptide (45, 46) . The PSII polypeptides D-1 and D-2 have structural features in common with the reaction center polypeptides of purple bacteria and it has been proposed that D-1 and D-2 might also bind the reaction center chlorophyll molecule (28, 45, 46) . As described in this paper, attempts were undertaken to clone the psbA gene encoding the D-1 polypeptide from barley. So far, hybridization with psbA probes identified a 1.6 kb HindlII fragment which could be cloned from the barley cpDNA. It contains the 3' half of the psbA gene (52) coding for the important transmembrane helices IV and V (amino acid residues 169 to 278). In this region ( Figure 5 ) the identity of the nucleotide sequence with spinach is 95%, and only a single amino acid substitution from arginine to lysine is observed in position 238. In this position the wheat D-1 protein also contains a lysine (J. GRAY, pers. commun.) while in all other higher plants investigated an arginine has been found. Notably, the positions of the histidine ligands for the non-heme-iron in positions 215 and 272 and the histidine ligand for the special pair reaction center chlorophyll in position 198 are conserved. Identity extends also to amino acid neighbours of these histidine ligands in the reaction center subunits L and M from purple bacteria (29) . Thus the residues Pro j95, Phe197 and Met199 bracketing the ligand to the special pair are conserved as are Ala2,3, Met214 and GIy216, while no identity is seen for the neighbours to His272 the other ligand to the non-heme-iron atom.
The corresponding D-2 protein domain extends from residues 170 to 275 ( Figure 5 ). As in other plants and in the green alga Chlamydomonas (1, 39) about 50% identical residues can be observed in the transmembrane helices IV and V. Thus, the histidine 198 ligand for the special pair chlorophylls is conserved in D-1 and D-2 together with the neighbouring amino acids. Ligands for the non-heme-iron are found at the same places in D-2 as in D-1 (His215, His272). The plastoquinone QA binds in Rhodopseudomonas to two helices in the subunit M with Trp25o forming an important binding site (29) . This tryptophan is conserved in position 255 of the D-2 polypeptide ( Figure 5 ). In the purple bacteria the homologous residue in subunit L is Phe216 which forms part of the binding site of plastoquinone QB (bound to two helices in the L subunit). Interestingly enough in D-1 this very position is occupied by Phe2s5 ( Figure 5 ). Besides Phe216 the residues 5er223 and Tyr222 participate in forming the binding site of QB in the L subunit. In D-1, Ser223 is found as Ser26a while this residue is missing in D-2.
Analysis of herbicide tolerant mutants (10, 1 2, 1 7, 1 9) and binding studies with the photoaffinity label azido-atrazin revealed the amino acids Val~tg, Ala25~, Phe255, 5er264, Arg269 and Leu27~ ( Figure 5 ) to be important for the action of inhibitors of photosystem II activity. These amino acid residues are found to be conserved in the barley D-1 protein and three of them in the D-2 protein.
